This article presents the effect of cutting speed on heat-affected zone (HAZ) and surface roughness in laser cutting of AISI316L stainless steel. Test samples were cut with varying cutting speed, while other process parameters remained constant. Surface roughness of each test sample was measured in several places along cut depth. Photos of cut surfaces were taken with the use of stereoscopic microscope equipped with a camera. Results were analyzed, discussed and conclusions regarding the effect of cutting speed on surface roughness and HAZ were drawn.
Introduction
Present day, laser cutting is widely used in industrial applications, being one of the most significant and rapidly developing modern material cutting methods alongside abrasive water-jet cutting [1] . This is due to its numerous advantages, such as high cutting precision, possibility to cut complex shapes, low kerf width, lack of presence of mechanical cutting forces, lack of tool wear, perpendicular, sharp cut edges and narrow heat-affected zone in cut material [2, 3, 4] . Laser cutting can be used to cut a variety of different materials-numerous researches have been done on laser cutting of mild steel, alloy steels, nickel alloys, aluminum and even very hard materials difficult to machine otherwise, such as CBN (cubic boron nitride) [4, 5, 6, 7, 8] . Quality of components obtained with the use of laser cutting is one of the end users' main points of interest. It is dependent on the correct choice of process parameters with accordance to material type and sheet thickness [9] . Basic process parameters include laser type (for ex. fiber or CO2 laser) and power, standoff distance, cutting speed, assist gas type and pressure [4, 9] . Proper machine setup and maintenance allowing for invariably high cut surface quality is a complex issue. Equipment of laser cutting machines with sensors to maintain high cut surface quality in industrial conditions has been proposed by Thombansen et al. [10] . Evaluation of laser cut quality by monitoring acoustic emissions was proposed by Kek et al. [11] . One of the main factors affecting cut surface roughness and width of heat-affected zone is the cutting speed. Experimental research on maximum achievable cutting speed in CO2 and fiber laser cutting of stainless steel sheets of varying thickness was conducted by Stelzer et al. [7] . Results of experiments performed by Cekic et al. have shown the decrease in value of Ra parameter and HAZ width with the increase in cutting speed when cutting AISI 304 stainless steel with N2 assist gas [4] . Possibilities of obtaining cut surfaces with no visible striation (periodic lines occurring on cut surface) were shown in articles [12, 13] . However, in those articles, only the effect of increasing the cutting speed above a certain value was investigated. The purpose of this article was to investigate the effect of cutting speeds lower than typically used in industrial applications on cut surface quality and HAZ width.
Experimental research

Procedure and process parameters
For experimental tests, three cylindrical samples of 50 mm diameter and 10 mm thickness made of AISI316L stainless steel were prepared. The chosen material has an elevated corrosion resistance against acids and chlorides. Its hardness is around 79 HRB with tensile strength of 558 MPa and yield strength of 290 MPa. 316L grade stainless steel is used in automotive, aerospace, chemical and medical applications [14, 15] . Chemical composition of AISI316L steel in accordance to manufacturer's specifications is shown in Table 1 . Laser cutting process was conducted on a TRUMPFTC-L6030 CO 2 laser cutter. Three different cutting speeds were used. They were established as percentile values of maximum cutting speed specified by the machine manufacturer for cut material grade and thickness, as shown in Table 2 . Values of remaining process parameters were assumed as constant and shown in Table 3 . Their values were selected according to machine manufacturer's recommendations with consideration of type and thickness of cut material. Due to their small size, a special holder had to be designed and made to allow for proper positioning and cutting of samples on the machine. Samples mounted in a holder during the cutting process are shown in Fig. 1 . 
Scope of research
Photographs depicting obtained cut surfaces were taken with the use of LEICA MS5 stereoscopic microscope with 9.5x zoom and a camera. Three photographs were taken for each sample in places presented in Fig.2 :
Entry of laser beam into the cut material; Middle part of the cut surface; Exit of laser beam from the cut material. Amplitude surface roughness parameters were measured using the Hommel Tester T-1000 surface finish measuring system coupled with a PC computer equipped with Turbo-Datawin NT data acquisition software. Measurement and comparison of Ra, Rz, Rt, Rq roughness parameters was performed. These parameters were selected due to their widespread use in evaluation of surface quality for both industrial and academic applications. 1 mm under the upper cut edge (IN); in the centre of cut surface (MIDDLE); 1 mm over the lower cut edge (OUT). Therefore, distances from upper cut edge for IN, MIDDLE and OUT are 1 mm, 5 mm and 9 mm respectively. It has to be noted that in the case of sample 3, the bottom part of the cut surface could not be measured due to the presence of dross, which could damage the profilometer's needle. Therefore measurements were taken 1 mm above the faulty part of the cut surface.
Measuring range of the profilometer was set to 80 μm. Assessment length was set to 4.80 mm with 0.80 mm cut off length. A measurement in each place was repeated four times and results were averaged. Standard deviation was calculated for averaged results. 
Experiment results
Visual evaluation of cut surface quality and heat-affected zone
Photographs presenting cut surfaces for three different cutting speeds are presented in Figs. 4÷6. Basing on the photographs, quality of cut surfaces was evaluated on the account of presence of faults such as dross, macroirregularities (i.e. presence of slag) and striation (pattern of valleys and peaks across the cut surface) [2] . Taken photographs were edited with the use of image manipulation software to mark the width of criticalheat-affected zone in the middle part of cut surfaces. Through the visual evaluation of cut surfaces, it can be seen that the presence of heat-affected zone and occurrence of material faults such as dross and slag is most evident in the areas where laser beam exits the cut material, as shown in Fig. 6 . Beam entry areas for each sample shown in Fig. 4 also have a visible heat-affected zone and macro-irregularities, however they are less intense than in the beam exit area. Least amount of irregularities and narrowest HAZ for each sample can be seen in the middle part of the cut surfaces. For the sample cut with v c =16.5 mm/s no presence of continuous HAZ along the lower part of the cut surface can be recognized. In all three zones, the effect of cutting speed on HAZ width and presence of surface faults is evident. The increasing occurrence of dross, molten metal and a rough, rippled surface at the bottom of cut surfaces with the decrease in cutting speed has been observed. Additionally, presence of burnt metal was observed for the sample cut with the lowest speed (v c =1.84 mm/s). This prevented the measurement of 2D roughness parameters for the lower part of this sample due to risk of damaging the profilometer needle. Striation is visible for all three test samples, however as it can be seen in Fig. 5 , the middle part of the cut surface of the sample cut with 50% base speed (v c =9.17 mm/s) has less evident striation than in case of the other two samples. Fig.7 . The effect of cutting speed on heat affected zone width in relation to sample thickness.
As shown in fig. 7 , the decrease in cutting speed by 40% leads to an increase in HAZ width in relation to total depth of cut by 20%. Further decrease in cutting speed by 80% (in relation to the base value) results in HAZ width increasing by 35%. The relation of increase in HAZ width with the decrease in cutting speed seems approximately linear. However, due to the insufficient number of experimental tests, this cannot be accurately determined.
Surface roughness measurement results
Averaged measurement results of previously chosen amplituderoughness parameters are presented in Tables 4÷6. It can be seen that with the increase in cutting speed, values of measured parameters increase along the distance from upper cut edge. When looking at the graphs as a whole, it can be said that lowest roughness values were obtained for sample 2. cut with 50% of base speed (v c = 9.17 mm/s). As it has been mentioned before, roughness could not be measured for the lowest part of cut surface of sample 3. due to the presence of macro-irregularities which threatened to damage the profilometer. However one could expect that measurement results would have been much higher than for the other two samples.
Conclusions
Basing on the results of conducted experimental research and their analysis, following conclusions were drawn:
-Cutting speed has a visible effect on surface roughness, width of the heat-affected zone and presence of macroirregularities, such as presence of dross, molten and burnt material. -With the decrease in cutting speed, HAZ width also increases, and below a certain threshold (less than 50% of maximum recommended value of cutting speed) lower part of the cut surface becomes visibly damaged. -Only two of the researched cutting speeds are applicable for practical use. The use of highest researched cutting speed (v c = 16.5 mm/s) produces cut surfaces with good roughness and negligible heat-affected zone. The lower of used cutting speeds (v c = 9.17 mm/s) produces a surface with lower roughness, but at the expense of visible heat-affected zone, taking up approximately 20% of the cut surface. Biggest differences in surface roughness are visible in the lower part of cut surfaces. -Lowest researched cutting speed (v c = 1.84 mm/s) has no practical use. It results in a damaged surface which would require further machining to produce satisfactory results. Moreover, it requires the longest time to cut the material. Therefore, it is not viable in any case to use it. -If the end user has no requirement of very good surface roughness or the surface will undergo further machining, the highest of researched cutting speeds should be used. If surface roughness is of bigger importance and HAZ is a secondary concern, a lower cutting speed is applicable. Further research will focus on the use of higher cutting speeds in laser cutting on stainless steels and their effect on surface roughness and HAZ width.
